As developing axons navigate, they exhibit various behaviours: extending and branching, pausing, changing direction, retracting. Now, the Slit protein has been discovered to have striking positive and negative effects on axon growth and guidance.
Correct connectivity within the nervous system depends on the precision of axon guidance during development. The pathways of growing axons are choreographed by molecules which bind to receptors on the growing axon tip, the growth cone. These signals may produce positive effects -enhanced growth and chemoattraction, or negative ones -growth inhibition and chemorepulsion. Five recent papers [1] [2] [3] [4] [5] have now provided compelling evidence of the contrasting effects of a single axon guidance molecule. Members of the Slit family of proteins have been isolated from flies, frogs, chickens, rodents and humans. The effects of Slit proteins are diverse, promoting elongation and branching of sensory neurons, but also repelling axons at the midline.
The discovery of the role of Slit in axon guidance began with studies on the midline of the central nervous system (CNS). In vertebrates, the ventral midline consists of a specialised group of non-neuronal floor-plate cells. This region provides a conduit for commissural axons, which originate dorsally, cross the midline and then grow alongside the floor plate, forming a pathway that relays sensory information towards the brain. This organisation is echoed in the CNS of the fruit fly, Drosophila. In this animal, the CNS consists of a ladder-like arrangement of longitudinal connectives with commissures forming bridges between them at intervals ( Figure 1a) . Running down the midline is a row of specialised neuronal and glial cells. Some axons never cross the midline; instead they extend close to it within the longitudinal pathways. Other axons contact the midline glia and cross the midline; they fail to cross back, and then grow longitudinally.
To identify genes involved in guidance at the midline, flies were mutagenised and scrutinised for axon guidance defects. This large-scale screen identified the roundabout (robo) mutation, in which axons cross and recross the midline, making characteristic whorls [6] (Figure 1b) . Robo was found to encode an axon guidance receptor [7] , which is expressed at high levels by non-crossing axons, but is upregulated on commissural axons only once they have crossed the midline. Only axons with low levels of Robo protein cross the midline, and the complete absence of Robo leads to repeated crossing, implying that Robo is a receptor for a midline repellent. So what is the Robo ligand? As the entire fly genome had been mutagenised, the answer was assumed to lie in a mutant with a similar phenotype to robo. But no such phenotype was found, perhaps because there are multiple ligands for Robo, or there is another receptor, making the phenotypes of ligand and receptor mutant look non-identical.
The Robo ligand has now been identified as the Slit protein, which had been described previously as an extracellular matrix protein expressed on midline glia [8, 9] . Slit's identity as the Robo ligand was only realised when Kidd et al. [1] returned to the results of the mutant screen, and looked more closely at a phenotype that was originally interpreted as a loss of midline cells. Analysis with markers confirmed more recent findings that midline glia were present in this slit mutant [10] , but became disorganised over time [1] . More importantly, the slit mutant showed pathfinding defects with a collapsed axon scaffold -axons entered the midline but seemed unable to leave it ( Figure 1c ). Muscle cells also failed to migrate away from the midline correctly. All this implicates Slit as a midline chemorepellent with effects on growth cone guidance and cell migration. Interestingly, the slit mutant fly showed only partial collapse of the midline, more nearly resembling the robo mutant. The discrepancy between slit and robo phenotypes may be explained by the existence of a second Robo receptor.
Genetic analysis revealed dosage-sensitive interactions between slit and robo, implying that their gene products are involved in the same pathway [1] . Targetting slit expression to the midline on a slit mutant background showed specificity by partially rescuing the midline guidance phenotype, while ubiquitous high-level expression in neurons gave a severe robo phenotype, as though axons were no longer sensitive to Slit. This is a nice demonstration that the pattern of expression of an axon guidance cue is crucial to its role.
The shared features of midline axon guidance in vertebrates and invertebrates, together with the homologies of their Robo genes [7] meant that the hunt was on for vertebrate Slit homologues. By searching vertebrate databases for sequences similar to Drosophila slit, and probing cDNA libraries, Brose et al. [2] isolated human and rat Slit-1, Slit-2 and Slit-3, which have also been reported by other groups [11] [12] [13] . Yet more members of the Slit family were isolated from Xenopus, chicken and mouse (mSlit-1-3) [4] , showing this to be an extended family of molecules. Structurally, Slit proteins have several conserved motifs involved in interactions with other proteins or with the extracellular matrix, and contain a signal sequence, as expected for a secreted protein.
By astonishing serendipity, mammalian Slit was also isolated by Wang et al. [3] using a completely different method -biochemical purification of molecules that promote axon elongation and branching. The mechanism of axon collateral formation by sensory neurons was studied as they grow from their origin in the dorsal root ganglia into the spinal cord of the rat embryo (Figure 2b ). First, a sensory neuron sends an axon which bifurcates to grow along the developing spinal cord. Then, a number of small branches bud off, and these axon collaterals enter the spinal cord to terminate at precise regions therein. Normally this process follows a strict timescale; but when dorsal root ganglia neurons were grown at low density in a three-dimensional culture system, collaterals failed to appear on schedule. Branching could be induced by bathing the neurons in extracts of spinal cord made from appropriate embryonic stages, showing the presence of a branch-inducing factor. Biochemical isolation was impossible from embryonic rat spinal cord, however, and so calf brain was used to purify the sprouting factor, which turned out to be a bovine homologue of human Slit-2.
Further investigation of the roles of Slit required verification of Slit-Robo binding. For this, mammalian cells were transfected with tagged versions of human Slit-2 (hSlit-2) [2] ; conditioned media from these cells were applied to cells transfected with rat Robo-1 or Robo-2, and binding was measured using an antibody to the tag. Drosophila Slit-Robo binding was also demonstrated and reciprocal experiments showed association between tagged Robo and Slit-expressing cells. Binding of Xenopus Slit to rat Robo-1 was shown by co-transfection and immunoprecipitation [4] . These experiments confirmed that Slit and Robo are bona fide binding partners, with dissociation constants in the physiological range. Interestingly, hSlit-2 was able to bind to the extracellular matrix protein laminin and to a soluble form of the axon guidance molecule netrin [14] , which may limit its diffusion and perhaps modulate its function in vivo.
The function of Slit appears to be modulated by posttranslational processing. Clues to this came from the observation that the Slit homologue isolated from bovine tissue was smaller than the full-size protein, apparently being an amino-terminal cleavage product [3] . Experiments with Slit-transfected cells found Slit protein secreted into the medium and on cell surfaces. A 190 kDa full-length form of the protein was found associated with cell membranes, but in addition, cleaved forms were present as an aminoterminal fragment (hSlit-2N) and a carboxy-terminal fragment (hSlit-2C). Whilst hSlit-2N was tightly membrane-associated, hSlit-2C was both membranebound and diffusible. Axon extension and branching of sensory neurons was promoted by hSlit-2N, but not by the full-length form of the protein [3] . In other axon guidance assays, Slit processing presumably occurred in the cells that were transfected with a full-length Slit sequence [2, 4, 5] .
Does the chemorepellent function of Slit in invertebrates have parallels in vertebrates? In the embryonic rat spinal cord, Slit was localised in the floor plate and the motor columns, at stages when commissural neurons cross the floor plate and motor neurons extend away from it ( Figure 2a ). Both these neuronal types also express Robo [2, 7] . Explant culture experiments showed that motor axons deflected away from the Slit-secreting cells, implying that Slit participates in floor-plate-mediated repulsion of motor axons [15] , corresponding to one of the functions of midline glia in Drosophila. No effect of Slit has so far been seen on commissural axons, even though these neurons are the vertebrate homologues of those affected in the fly slit mutant. This lack of response might, however, reflect insufficiently high levels of Slit, or imprecise regulation of Robo in commissural neurons in culture.
Further up in the vertebrate forebrain, Slit-mediated repulsion also operates. Olfactory bulb axons are known to be repelled by another midline structure, the septum (Figure 2c and [16] ), and this effect could be mimicked by Slit-expressing cells [4, 5] . In a different assay, explants of telencephalon were covered with Slit-expressing cells, resulting in the turning of olfactory bulb axons away from this region [4] . This implicates Slit as at least partially responsible for septal repulsion, as septum and bulb express Slit-1/2 and Robo-2, respectively. The observed complementary expression patterns of Robo-1/2 and Slit-2 also led to experiments implying that Slit-mediated signalling underlies repulsion of hippocampal axons by regions of the cortex [5] .
When olfactory bulb or hippocampal axons were exposed to membrane extracts from hSlit-2-expressing cells they displayed growth cone collapse [5] . On the other hand, purified hSlit-2N was also capable of causing axon elongation and branching, as graphically shown on single dorsal root ganglion neurons growing in three dimensions. Slit expression patterns are consistent with this role, as although early on Slit is predominant in ventral regions of the spinal cord, it later expands dorsally to coincide with the time of collateral formation. In addition to Robo-2, the dorsal root ganglia expressed Slit, as do motor neurons, perhaps implying an autocrine function.
Understanding the ramifications of Slit action will call for further understanding of Robo receptor deployment, and how various forms of Slit work in vivo. In the fly, robo-2 has been identified, but it remains to be revealed whether the robo-1 / robo-2 double mutant has the expected slit-like phenotype. Robo-2 may be the key to the dynamics of events at the fly midline via a differential effect on crossing and non-crossing axons, while in vertebrates it may mediate sensory axon branching and olfactory axon repulsion. It also remains possible that only some aspects of Slit function in vertebrates are mediated by Robo, and that other components play a part in the signalling.
Still unresolved is whether Slit works via a diffusible or contact-mediated mechanism. In vitro, it is the less diffusible amino-terminal fragment of the protein which has biological effects on axon branching and growth cone collapse. Yet in some apparently diffusible assays, Slit may be acting in a contact-mediated manner, or by binding to extracellular matrix proteins. To resolve this, the behaviour of Slit proteins in different tissues -whether they are associated with cell membranes, bound to laminin or netrin, or diffusing to some extent through the tissueshould be examined. Reconciliation of the positive and negative effects of Slit proteins awaits studies of how signals are transduced by the growth cone. Rather than being contradictory, these effects may be subtle, as at the midline, where Slit permits axons to cross while ensuring that they do not arrest, but continue to grow onward. In the future lie studies on the adult brain, to find out whether Slit can promote collateral formation in adult neurons, and perhaps aid regeneration of damaged axons.
